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SUMMARY 


The  objective  of  the  effort  described  in  this  report 
was  to  demonstrate  that  a  dc-ac  photovoltaic  energy 
conversion  system  without  on-site  energy  storage  could 
effectively  augment  a  utility,  e.g.  a  remote  military 
grid.  Delta  Electronic  Control  Corporation  (DECC) 
designed,  constructed  and  installed  such  a  system  using 
photovoltaic  modules  provided  by  Jet  Propulsion  Lab¬ 
oratories  under  the  Low-Cost  Solar  Array  Project.  The 
60  kW  photovoltaic  system  is  installed  at  Mt.  Laguna 
Air  Force  Station  where  it  augments  a  remote  diesel 
power  plant.  The  system  is  entirely  automatic,  coming 
on-line  when  there  is  sufficient  solar  power  available 
in  the  morning,  and  returning  to  a  stand-by  state  when 
the  solar  power  is  insufficient  to  operate  the  system. 
The  system  is  designed  to  extract  the  maximum  power 
available  from  the  photovoltaic  modules  and  operates 
unmanned  for  extended  periods  of  time.  All  observations 
to  date  support  the  conclusion  that  such  a  system  can 
effectively  augment  a  utility. 
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INTRODUCTION 


This  report  discusses  the  design,  fabrication  and  testing 
of  a  photovoltaic  power  generation  system.  The  system 
consists  of  a  60  kW  photovoltaic  (PV)  array,  a  75  kVA 
solid-state  power  inverter,  and  interconnecting,  control 
and  monitoring  equipment.  The  output  of  the  inverter 
drives  the  local  utility  grid  in  parallel  with  existing 
diesel  generators,  providing  up  to  10$  of  the  grid  power. 
The  effort  is  part  of  the  Military  Applications  of  Photo¬ 
voltaic  Systems  project,  a  joint  effort  of  the  Department 
of  Energy  and  the  Department  of  Defense. 

The  objective  of  the  effort  has  been  to  demonstrate  that 
a  dc-ac  photovoltaic  energy  conversion  system  without 
on-site  storage  can  effectively  augment  a  remote  military 
power  grid. 

The  system  was  originally  assembled  and  tested  at  the 
Delta  Electronic  Control  Corporation  (DECC)  facility. 
Because  of  time  considerations  and  the  delivery  schedule 
for  PV  modules,  the  tests  at  DECC  were  performed  with 
a  half-power  (30  kW)  array.  At  DECC  the  power  conversion 
equipment  operated  into  the  local  utility  grid. 
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2.0 


DESIGN  AND  CONSTRUCTION 


2.1  THE  SYSTEM.  Figure  2-1  is  a  simplified  block  diagram 
of  the  photovoltaic  power  system.  Power  from  the  PV 
array  is  fed  to  the  dc-ac  power  conversion  unit  through 
a  paralleling  and  monitoring  panel  (PMP).  The  power 
conversion  unit  operates  from  the  dc  array  voltage  and 
provides  ac  power  suitable  for  transmission  to  the  util¬ 
ity  grid  (main  diesel  generator  bus).  The  power  conver¬ 
sion  unit  has  the  following  features: 

(1)  Dynamic  peak  power  tracking  (PPT)  to  extract 
the  maximum  available  power  from  the  array 
at  any  time  and  feed  all  available  power  to 
the  grid; 

(2)  Output  power  control  circuitry  to  synchronize 
the  output  to  the  grid  and  to  control  the 
real  and  reactive  components  of  the  output 
power ; 

(3)  Automatic  start-up  and  shut-down  controls 
for  unmanned  operation; 

(4)  Automatic  protection  circuitry. 

The  major  parameters  of  the  system  are  listed  in  Table  2-1. 

2.2  THE  ARRAY.  The  photovoltaic  array  is  rated  at  60  kW 

at  50°C  ambient  and  1000  W/m^  insolation.  It  is  composed 
of  169  strings  of  PV  modules,  each  string  consisting  of 
14  seriesed  modules.  A  reverse  diode  installed  across 
each  module  bypasses  and  protects  the  module  during 
occlusion  or  malfunction. 
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T4BLE  2- 1 .  SOLAK  POWEK  SYSTEM  CHARACTERISTICS 

j 

1 

ARRAY 

j 

j 

COMPOSITION 

1 

Vendor  Code  Z  modules 

756  (13  kWp) 

Vendor  Code  Y 
modules 

1610  (47  kWp) 

Number  of  modules  per 
series  string 

14 

Number  of  series  strings 

169 

ELECTRICAL 

t 

I 

Output  power  <**  50°C,  1kW/m^ 

60  kW 

1 

Normal  operating  output 
voltage 

180-290  Vdc 

Estimated  annual  ener<jy 
output 

120,000  kWln 

POWER  CONVERSION  SYSTEM 

MECHANICAL 

PMP 

76 "li  x  36 " w  x  32'M 

Power  conversion  unit 

7 9 "  1 1  x  86 "w  x  32'M 

l 

Cooling 

blowers  integral  to 
power  conversion  unit 

1 

ELECTRICAL 

Input  voltage 

180-290  Vdc  operation, 

400  Vdc  maximum 

Output  power 

73  kW 

Output  frequency 

Matched  to  grid  (60  Hz) 

Output  voltage 

Matched  to  grid 
(277/480  Vac,  3-phase) 

Efficiency 

92^b  «f  60  kW 

91%  9  30  kW 

Output  current  distortion(THD) 

2.6%  <*  60  kW 

I 

4 

* 

Lj 

L _ 

The  Modules.  The  modules  are  of  two  types*  the  vendor 
Code  Z1  modules  shown  in  Figure  2-2  comprise  115  of  the 
strings  (78#  of  the  rated  power) |  and  the  vendor  Code  Y1 
modules  shown  in  Figure  2-3  comprise  5**  strings  (22 #  of 
the  rated  power).  These  two  types  of  Block  III  modules 
differ  in  almost  all  parameters  including  electrical  out¬ 
put  and  physical  dimensions.  Table  2-2  lists  the  major 
characteristics  of  the  two  types  of  modules  and  Figures 
2-4  and  2-5  show  typical  I-V  curves  for  the  two  types  of 
modules . 

The  modules  of  each  series  string  were  matched  for  output 
current  characteristics  so  that  the  higher-current  modules 
would  not  be  limited  by  low-current  modules  in  series. 

The  short-circuit  c\irrent  data  provided  by  the  manufactur¬ 
ers  were  used  for  current  matching. 

Module  Frames.  Support  frames  were  designed  for  the  two 

typos  PV  modules.  The  frames  for  both  were  constructed 

from  rectangular  steel  tubing  with  T-section  or  right 

angle  cross  braces.  Figure  2-6  shows  one  of  the  Code  Z 

module  frames  being  welded  on  a  Jig  developed  at  DFCC  for 

that  purpose.  After  construction,  the  frames  were  hot-dtp 

galvanized  for  protection  against  the  environment.  The 

Code  Z  support  frames  hold  7  modules  (half  of  a  string) 

and  the  Code  Y  support  frames  hold  14  modules 

t  Refer  to  Report  Number  DOE/JPL- 1012-30,  "Environmental 

Testing  of  Block  III  Solar  Cell  Modules,"  September  1,  lO'Q, 
prepared  by  Jet  Propulsion  Laboratory  (JIM.), 

2  JIM,  designation. 
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PHOTOVOLTAIC  MODULE  CHARACTERISTIC 


CODE  Y 

CODE  Z 

PHYSICAL 

Dimensions 

Length 

W 

Width 

22.0  " 

t  r>.  »" 

Heigh  1 

1.8" 

1 

Weight 

'»  lbs. 

10.7  lbs 

Number  oT  cells 

•W 

('ell  diitine  t  or 

l" 

•V 

Cell  type 

N-P 

P-N 

KLECTR  LCAL 

Haled  voltage 

lr>.8  V 

1  r> .  8  V 

Hated  current 

1.18  A 

1.81  A 

Rated  power 

18.0  W 

28.0  W 

CURRENT  (AMR«£S) 


rr  i  AmBMIi 


MODULE  SERIAL  NO:  780102405 
MODULE  IRRADIATION:  100mW/cm2,  AMI. 5 


MAXIMUM  ROWER 
AT  NOCT* 


♦«0  1  *40 


NOCT‘1  *20 


*NOCT=Nornm l  Operating 
Col l  Temperature® 52.  V'(' 


CELL 

TEMP  (*C) 


VOLTAGE  (VOLTS) 


FIGURE  2-4.  CODE  Z  MODULE i  I-V  CURVES 
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MODULE  SERIAL  NO:  0325379 

MODULE  IRRADIATION;  100mW/ci»  ,AMl.5 


*80°C 


*NOCT=Normul  Operating 
Ceil  Tempera ture  =  47 .  I  °0 


15  20 

VOLTAGE  (VOLTS) 

FIGURE;  2-5.  CODE  Y  MODULE i  I-V  CURVES 
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(one  string).  See  Figure  2-7. 

2.2,3  Supports .  The  module  frames  are  supported  by  wooden 

shear  panels  as  shown  in  Figure  2-8.  At  the  DECC  tempo¬ 
rary  installation  these  shear  panels  were  placed  directly 
on  the  ground.  At  the  permanent  site  they  are  mounted 
to  concrete  footings  to  withstand  120  knot  winds. 

The  23°  tilt  angle  of  the  panels  was  selected  to  provide 
the  maximum  integrated  annual  output  power  at  the  3~«5° 
latitude  of  the  permanent  site. 

2.2,2*  Permanent  Site  Preparation  and  Footings.  Figure  2-9 

shows  the  permanent  site  for  the  solar  installation 
after  grading  and  trenching.  Concrete  footings,  12"  x  12" 
in  cross  section  and  19  f  to  28*  in  length,  were  cast  at 
a  remote  location,  transported  to  the  array  site  and  set 
into  the  soil.  Splices  between  footings  were  poured  in 
place.  The  wooden  shear  panels  .are  bolted  and  braced  to 
the  concrete  footings,  and  the  frames  are  bolted  to  the 
shear  panels. 

Figure  2-10  is  a  photograph  of  the  installed  array. 

2.2.5  Electrical  Intercotmec tion  of  Panels.  Each  row  of  PV 
modules  consists  of  several  strings  (typically  12  for 
Code  Y  and  9  for  Code  Z).  The  outputs  of  the 
series  connected  strings  are  wired  to  a  row  terminal 
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TUBING 


FIGURE  2-7.  CODE  Z  AND  CODE  Y 
FRAME  ASSEMBLIES 


HA  [JAR  FACILITY  SHOWN  IN  l!A< :  KCR(  )l.  NT) ) 


box.  In  addition  to  providing  a  termination  point  for 
array  wiring,  the  row  terminal  box  contains  surge  sup¬ 
pressors  for  lightning  protection  and  test  plugs  for 
monitoring  individual  string  voltages.  The  array  inter¬ 
connections  are  depicted  in  Figure  2-11. 

Underground  multiconductor  cables  from  the  row  terminal 
boxes  connect  the  series-string  outputs  to  the  parallel¬ 
ing  and  monitoring  panel.  The  paralleling  and  monitor¬ 
ing  panel  is  located  in  a  building  with  the  power  conver¬ 
sion  unit.  The  power  conversion  building  is  visible  at 
the  left  side  of  Figure  2-10. 

2.2.6  Grounding.  The  PV  moduli'  fx'ames  of  each  row  are  connect¬ 

ed  together  and  to  a  buried  ground  bus  which  runs  along 
the  west  end  of  the  array.  The  ground  bus  also  circles 
the  power  conversion  building  to  provide  a  ground  for  the 
power  conversion  equipment.  It  is  connected  to  the  diesel 
power  plant  ground. 

2.3  PARALLELING  AND  MONITORING  PANEL.  Figure  2-12  is  a  sim¬ 

plified  schematic  diagram  of  the  paralleling  and  monitor¬ 
ing  panel.  The  output  of  each  string  of  PV  modules  is 
normally  connected  to  the  common  bus  through  a  fuse  re¬ 
presented  by  FI,  a  blocking  diode  0R1  and  si  switch  SI. 
Meters  Ml,  M2,  M3,  and  M6  monitor  the  operation  of 'the 
entire  array:  output  voltage,  current*  power  and  accumu¬ 
lated  kilowatt-hours.  The  169  switches  represented  by 


17 


+T  ^ 


A.  Intra-String  Wiring 


I 


PARALLELING  AND  MONITORING  PANEL 


SI  are  three-position  switches.  In  the  normal  '*11116" 
position  each  switch  connects  the  corresponding  string 
to  the  common  bus.  In  the  "off"  position,  the  switch 
disconnects  the  string  from  the  remainder  of  the  system. 
In  the  "test"  position  the  switch  connects  the  string 
to  a  test  bus  for  evaluation.  M**  and  M5  provide  measure¬ 
ment  of  the  test-string  voltage  and  current  into  a  load 
selected  by  S2  j  open,  shorted,  load  A  or  load  B.  Loads 
A  tuid  B  are  the  average  peak-power  loads  for  the  Code  Z 
and  Code  Y  strings  respectively. 

A  shunt  resistor  represented  by  R1  is  incorporated  in 
each  string  to  provide  individual  string-current  informa¬ 
tion  to  a  data  acquisition  system  provided  under  separate 
contract.  (For  more  details  see  paragraph  2.5) 

Figures  2-15  and  2-1*4  show  the  front  panel  and  interior 
construction  of  the  paralleling  and  monitoring  panel. 

The  wheel-like  construction  at  the  back  of  the  cabinet 
is  the  "-  array  bus"  shown  in  Figure  2-12.  The  resistors 
R1  can  be  seen  radiating  outward  from  it. 

A  ground  fault  detector  is  included  in  the  paralleling 
find  monitoring  panel.  The  detector  transmits  n  fault 
signal  to  the  power  conversion  module  to  operate  a  warn¬ 
ing  lump . 

**  POWER  CONVERSION  UNIT.  The  power  conversion  unit,  shown 


in  Figure  2-15*  includes  input  and  output  contactors, 
an  input  voltage  limitor,  a  dc-ac  inverter,  and  system 
control  circuitry.  Figure  2-16  is  n  simplified  block 
diagram  of  the  power  conversion  unit. 

■ 

2.4.1  Input  and  Output  Contactors.  Input  contactor  K1  is 
operated  to  short  the  PV  array  and  disconnect  the  array 
from  the  pre-regulator  when  the  inverter  is  off  for  any 
reason.  Output  contactor  K2  is  opernted  to  isolate  the 
inverter  from  the  grid  when  the  inverter  is  off.  K1  and 
K2  are  used  in  the  automatic  start-up  and  shut-down 
sequences . 

2.4.2  Voltage  Limiter.  The  proregulator  limits  the  maximum 
inverter  input  voltage  to  290  Vdc .  During  normal  opera¬ 
tion  this  thyristor  buck-type  regulator  is  in  the  "full 
on"  condition  and  dissipates  very  little  power  (less 
than  1$) •  The  limiter  protects  the  inverter  during  the 
start-up  sequence  between  the  time  K1  is  activated  and 
the  time  K2  is  activated.  During  this  period  the  input 
voltage  from  the  unloaded  array  can  be  as  high  as  400  Vdc . 

2.4.3  DC-AC  Inverter.  The  dc-ac  inverter  is  the  same  inverter 
used  by  DECC  in  its  Uninterruptible  Power  Supplies.  This 
self-commutated  power  inverter  uses  pulse-width  modula¬ 
tion  techniques  to  generate  a  3-phase,  12-step  sine-wave 
synthesis.  The  pulse-width  modulation  provides  control 
of  the  dc/ac  voltage  ratio.  The  lowest  order  harmonic 
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FIGURE  2-16.  BLOCK  DIAGRAM  OF 
POWER  CONVERSION  UNIT 


m 


produced  by  the  synthesis  is  the  eleventh.  Only  minimal 
filtering  is  required  to  ensure  a  total  harmonic  distor¬ 
tion  of  less  than  3$.  The  series  inductive  component  of 
the  output  filter  is  also  used  in  power  flow  control. 

System  Control  Circuitry.  The  system  control  includes 
array  peak  power  tracking  and  output  power  control,  auto¬ 
matic  start-up  and  shut-down  controls,  automatic  safety 
and  protection  circuitry,  remote  shut-down  control,  and 
status  monitors. 

. 1  Peak  Power  Tracking  and  Power  Flow  Control.  Peak  power 
tracking  and  power  i’low  controls  extract  the  maximum 
available  power  from  the  array,  provide  stability  in  the 
face  of  chunt'int;  array  conditions,  and  minimize  the  re¬ 
active  output  power. 

The  primary  control  loop  generates  a  phase  difference, 

^),  across  the  series  inductive  component  of  the  output 
filter,  resulting  in  the  flow  of  power  to  the  tyrid  and 
loading  of  the  array. 

A  secondary  control  loop  provides  the  peak  power  tracking. 
Control  circuitry  applies  a  half-Hertz  modulation  to  the 
phase  difference,  and  the  pulse-width  modulation  index 
of  the  inverter,  and  monitors  the  derivative  dP/dV  at  the 
array  output.  The  phase  difference  and  pulse  width  modula¬ 
tion  index  are  adjusted  to  set  dP/dV  equal  to  zero,  i.e. 
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the  peak  power  point 


A  tertiary  control  loop  adjusts  the  output  ac  voltage 
from  the  inverter  for  zero  reactive  power  as  depicted 
in  Figure  2-17. 

Automatic  Start-Up.  The  solar  power  conversion  system 
was  designed  to  allow  unattended  operation  over  long 
periods  of  time;  operation  is  entirely  automatic  from 
start-up  to  shut-down.  The  operation  sequencing  is  de¬ 
picted  in  Figure  2-18.  When  there  is  insufficient  solar 
power  available  to  support  the  system  losses,  (e.g.  at 
night)  the  power  conversion  unit  turns  off  automatically. 
When  the  power  conversion  unit  is  off,  the  input  con¬ 
tactor  K1  is  deactivated,  shorting  the  array.  A  small 
amount  of  power  (65  watts)  is  drawn  from  the  utility 
grid  to  power  stand-by  circuitry.  In  the  course  of  a 
normal  day,  as  the  insolation  increases,  the  array  out¬ 
put  current  through  K1  increases.  When  this  current 
reaches  10#  of  the  peak  current,  the  start-up  sequence 
is  initiated.  If  the  grid  voltage  is  not  within  10#  of 
the  nominal  value,  start-up  is  delayed  until  the  grid 
returns  to  that  range. 

When  the  start-up  conditions  are  met,  the  start-up  se¬ 
quence  is  initiated  (Tq).  At  Tq,  bias  power  supplies 
are  energized.  Five  seconds  later  (Tq+5)»  the  input  con¬ 
tactor  is  energized,  unshorting  the  array.  The  input 
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=  Inverter  output  voltage 

V  =  Grid  voltage 
S 

=  Voltage  across  L 

L  =  Effective  series  inductance  of 
output  filter 

a.  Single-Phase  Equivalent  Circuit 


&V^;  adjusted  to  set  =0 
b.  Vector  Diagram 


FIGURE  2-17.  FOUR-QUADRANT  POWER  CONTROL 
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FIGURE  2-1 8.  START-UP  SEQUENCING 


voltage  to  the  power  conversion  unit  rises  and  the  pre¬ 


regulator  ;uid  inverter  commence  operation.  Control 
circuitry  synchronizes  the  inverter  output  to  the  grid 
and  controls  the  inverter  output  voltage.  The  preregu¬ 
lator  limits  the  input  voltage  to  290  Vdc . 

Ten  seconds  later  (T^+15),  frequency  error  and  line  match 
error  detectors  are  activated.  If  the  output  frequency 
deviates  from  the  range  of  60+2  Hz  at  any  time  after 
T(J+lr>,  the  power  conversion  unit  is  gated  off  and  "error 
recycle"  sequence  is  initiated  (see  paragraph  2 . ^  .  1 ) 

At  T.^  +  20,  the  three-phase  output  contactor  K2  closes. 
Closure  is  prevented,  however,  if  the  voltage  across  K2 
(any  phase)  is  greater  than  of  the  nominal  line-to- 
neutral  voltage.  This  assures  that  the  inverter  output 
is  matched  to  the  grid  in  voltage  and  phase. 

After  Tj+20,  the  power  conversion  unit  is  in  the  opera¬ 
tional  mode |  all  power  flow  control  and  fault  detection 
circuitry  is  activated, 

1  Shut-Down.  There  are  six  basic  types  of  shut-down  for 
the  power  conversion  unit: 

(l)  Manual  Shut-down  in  Response  to  the  On-Off  Control 
Switch.  When  the  Inverter  Power  System  on-off  switch 
on  the  front  panel  of  the  power  conversion  unit  is  turned 
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to  the  "off"  position,  normal  shut-down  occurs.  The 
power  conversion  unit  remains  off  until  the  switch  Ls 
turned  to  the  "on"  position.  The  power  conversion  unit- 
then  starts  up  if  the  normal  start-up  conditions  are  met. 

(.?)  Manual  Shut-down  in  Response  to  the  Rmer^ency  Off 
Switch.  Pulling  the  momentary  Kmorfljeney  Off  switch 
initiates  an  orderly  shut— down  as  the  on-off  switch  dot's, 
and  also  opens  an  external  circuit  breaker,  removing  all 
ao  power  from  the  unit.  The  circuit  breaker  is  mounted 
on  the  wall  of  the  power  conversion  building  and  must 
bo  rcrlosed  manually  to  reinitiate  operation. 

(’l)  Shut-down  Duo  to  'Insufficient  Solar  Power,  When 
the  power  available  from  the  PV  array  is  insufficient 
to  operate  the  power  conversion  system,  t  lie  primary 
s  tab  i  l  i /.  litf?  power-f  low— control  circuitry  causes  a  small 
amount  of  power  to  flow  into  the  Inverter  from  the  r;rid. 
Tf  tills  reverse  power  Plow  persists  for  more  than  1.0 
minutes,  the  power  conversion  unit  shuts  down  from  In¬ 
sufficient.  solar  power.  Tin*  unit  turns  on  apja  i  u  when 
normal  turn-on  re«pi I  rements  are  met.  Tin*  turn-off  delay 
provides  hysteresis  and  prevents  nuisance  shut-downs  and 
on-off  cycling  ilurlnc  marginal  insolation. 

( *1 )  Shut-down  witli  Automatic  Restart  when  the  Fault  is 
Cleared.  An  Interlock  circuit  turns  the  power  conversion 
unit  off  tf  an  interlock  loop  Is  opened.  The  interlock 


loop  include*;*  auxiliary  contacts*  on  tin*  major  system 
switches,  inclintlufv  tho  n*inot<*  circuit  breaker.  1'he 
unit  restarts  automatically  when  the  loop  is  closed, 
provided  the  normal  start-up  conditions  are  mol. 

(r>)  Shut-down  with  Automatic  Kocyelliitf.  Many  system 
faults,  such  as  utility  net  disturbances,  tend  to  bo 
transient  In  nature.  The  power  conversion  unit  protects 
itself  against  these  faults  by  shut!  I  itf?  down.  fo  avoid 
unnecessary  operator  Intervention,  tin*  power  conversion 
unit  is  designed  to  start-up  apja  i  n  automat  Ically  UO 
seconds  after  shut-down.  If  tin*  start— up  conditions 
are  not  met,  the  restart  is  delayed  until  they  are,  If 
any  of  tin*  associated  faults  will's  after  start-up  and 
within  SO  seconds  of  the  original  fault,  the  power  con¬ 
version  unit  shuts  down  until  reset  manually,  Vhe  faults 
which  cause  shut-down  with  recycling  arei 

(a)  Utility  j*ri*l  frequency  out  of  rnu#?;o  (oO+;.'  H/l, 

(h)  Utmt  y  ,*rrid  vo  1 1  up;*'  out  of  raiifV*’  (nominal  +  10’V), 

( c )  I'xci’ssive  output  current  from  the  power  ciuivi'I'- 
s i on  unit  (^renter  than  IOO  amps  for  tOO  milli¬ 
seconds  or  ftri'ali'r  than  IT1*  amps  peak  instanta¬ 
neous  on  any  phase),  and 

(d)  Mismatch  between  utility  fjrtd  and  inverter  at 
s t  art -up . 

(<*)  Shut-down  Iteipiiriut'  Manual  He  set  .  Seven  fault  con¬ 
ditions  cause  the  power  conversion  unit  to  shut  down 

U’ 


until  reset  manually.  These  are  faults  which  require 
attention  by  service  personnel.  They  include! 

(a)  Overvoltage  at  the  dc  bus—  input  voltage 
regulator  not  operating  properly, 

(b)  Output  undervoltage  during  start-up  sequence- 
inverter  has  not  produced  full  output  voltage 
by  the  expected  point  in  the  sequence, 

(c)  Open  fuse— at  output  or  at  inverter  power 
stage , 

(d)  Excessive  reverse  power  into  the  inverter 
from  the  grid— power  flow  control  circuitry 
not  operating  properly, 

(e)  Overtemperature  within  the  power  conversion 
unit,  and 

(f)  Incorrect  bias  voltages— Mas  supplies  not 
operating  properly. 

All  six  types  of  shut-down  deactivate  K 1. ,  shorting  the 
array,  and  open  the  output  contactor  Ki'.  bias  supplies 
remain  activated  for  a  short  time  to  assure  orderly 
shut-down . 

Monitors.  The  solar  power  conversion  system  includes 
meters  and  status  lamps  for  monitoring  of  normal  and 
abnormal  operation.  The  PMP  has  six  meters)  the  power 
conversion  unit  has  eleven  meters  and  twenty-six  status 
lamps.  Generally,  fault  condition  indicator  lamps  re¬ 
main  lit  after  shut  down  to  assist  in  fault  diagnosis. 


The  monitors  and  their  functions  are  listed  in  Table  2-1 


No  audible  alarm  is  included  in  this  system  which  is  in¬ 
stalled  in  an  unmanned  building. 

2.5  DATA  ACQUISITION  SYSTEM.  A  data  acquisition  system,  pro¬ 

vided  under  separate  contract,  processes  digital  and 
analog  outputs  from  the  power  conversion  system  fox'  local 
monitoring  or  for  recording  on  magnetic  tape.  The  outputs 
provided  by  the  power  conversion  system  are  listed  in 
Table  2-4.  The  data  acquisition  system  will  also  monitor 
a  weather  station  to  be  installed  at  a  later  data}  an 
insolometer  has  been  installed  already.  The  data  acqui¬ 
sition  system  includes  data  scanners,  a  programmable 
computer,  input  keyboard,  CRT  display,  printer,  and  a 
dynamic  load.  Figures  2-19  through  2-22  are  typical  of 
the  types  of  output  available  at  the  CRT  and  printer. 
Fi<pire  2-22  is  an  I-V  curve  for  a  single  ('ode  7. 
string.  The  curve  is  generated  using  the  dynamic  load. 

The  data  acquisition  system  was  provided  by  Sandia 
Laboratories . 
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Monitor  I  Location  |  Parameter  or  Condition 
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TABLE  2-4.  OUTPUTS  TO  THE 
DATA  ACQUISITION  SYSTEM 


Output 

Type  1 

Voltage 

Series  string  current 
(169  outputs) 

Analog 

lOOmV/A 

Array  current 

Conditioned 

analog 

5V/300A 

Array  voltage 

Conditioned 

analog 

5V/500V 

Array  power 

Conditioned 

analog 

5V/l00kW 

Array  kWhr 

BCD 

0/1 4  V 

Output  power 

Conditioned 

analog 

5V/l00kW 

Output  kWhr 

BCD 

o/i4  v 

On/Off 

Binary 

0/1 4  v 

Off-winsuf ficient 
solar  power 

Binary 

0/1 4  v 

Off — error  shutdown 

Binary 

0/1 4  v 

Off — error  recycle 

Binary 

0/1 4  v 
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FIGURE  2-19.  OUTPUT  FROM  DEMONSTRATION  PROGRAM  ON 
DATA  ACQUISITION  SYSTEM 
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rt'ui  14,1  *79  it  12: 33:  28 

system  status 

.  ,  1  F  M  IS  OM 


SYSTEM  CONDITIONS 

sol  at  insolai  ion  is 

tup  AMD  1  ENT  MIR  TEMPERATURE  IS 
M P f'H'i  OUTPUT  CURRENT  IS 
ARP  A  tut  I  FIJI  VOLTAGE  IS 
HRRMT  OUtPUt  POWER  IS 
•1 ONVER  TEP'  OUTPUT  POWER  IS 
hRPAY  METER  PE  HP  I  NO  IS 
i  'iNVFRIF.R  METEF  READING  IS 


1000.8  WPITTS  PER  SOOhRE  METER 
88.0  DEGREES  F 

250.8  AMPS 
227.4  VOLTS 

57.8  KILOWATTS 
52.0  KILOWATTS 
1088  KWH 

898  KWH 


i  hDUI  hTIOM  OF  STM  MG  CURRENTS  FROM  THE  ARRAY 


14.1  ••  7  4 

it  12 

:  58 : 32 

TIME 

AT  ST  HPT  OF 

SCAM 

1  .  <0 

1 .88 

1  .  74 

2 . 02 

1  « 

1  .  98 

1 . 75 

1.87 

1 . 75 

1  •  '•*  ' 

1 . 8  5 

1 . 80 

1 . 72 

1  •  •  • 

2.03 

2.00 

2.01 

2.02 

I  * 

2 .  1  3 

1 . 94 

1  7*  * 

1  • 

1 . 82 

1.21 

2.00 

1.81 

i  •  c  r 

1.7'S 

1.17 

2.03 

1.59 

1 . 94 

1 .84 

1 . 90 

1 . 74 

: .  74 

1  •  84 

1.98 

1  •  7  i! 

1 . 88 

1 . 98 

l  .  84 

1.88 

1 . 94 

1  .  74 

7 . 0  l 

1.57 

1 . 79 

1 . 88 

1.85 

1.80 

1.84 

1.93 

1  .  M 

1 . 45 

1  .  33 

1.31 

1.89 

1 . 85 

1 . ;  2 

1 . 94 

1 . 60 

i  •*  r 

1 . 5'"** 

1 . 90 

1.47 

1 . 52 

1.91 

1.71 

1 . 88 

1.91 

1 . 70 

1 . 8  0 

1 . 85 

1 . 88 

1 . 84 

1 . 37 

1.88 

1 . 82 

1.71 

1.44 

1 . 95 

1 .59 

1.81 

1  .  38 

1 . 94 

1  .  94 

2.08 

1.93 

1  .  '  ■*  7 

2.20 

1 . 88 

1 . 98 

1 . 72 

2.08 

1.83 

1.60 

1.13 

l  .  “1 

1 . 08 

1.17 

1.87 

1.38 

1 . 23 

1.01 

1.16 

.  8  7 

1  .  OK. 

1.14 

1.01 

-4  r 

1.03 

1.18 

1.15 

1.23 

1.21 

1.11 

1 . 20 

•  .  14 

1.11 

1.13 

1.10 

1 . 09 

1.05 

.  90 

1.10 

1.11 

1.07 

1 . 0-4 

1 . 04 

1 . 05 

1 . 08 

1.13 

1 . 04 

1.14 

1.12 

l  .  08 

1.09 

.  89 

1.09 

.  9  2 

1 . 09 

1 . 0  3 

'.11 

1.10 

1.18 

1.11 

1.15 

1.12 

1.08 

1 .  19 

1.13 

14,  f» 79 

it  1  .• 

: 88:45 

TIME 

AT  END 

OF  SCAM 

FIGURE  2-20.  DATA  ACQUISITION  SYSTEM  OUTPUT 
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FIGURE  2-21.  DATA  ACQUISITION  SYSTEM  OUTPUT 
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Hug  13,  I •379  *'  1  7-  11 ;  54 


Open  circuit  wolt*-)«  ii  706.92  Vo  1 1  - 
Short  circuit  current  u  .77  fl*.p£ 

Max  i  mum  power  of  i  '  n  ng  i  i  176.  c  l  7  Haiti 
with  2?0.876  Volt-  t  . 7 CM  ftiup* 


Run  on  Mug  13, 1373  at  17: lZ:Oc 


FIGURE  2-22.  TYPICAL  DATA  ACQUISITION  SYSTEM  OUTPUT- - 
I-V  CURVE  FOR  A  CODE  Y  STRING 
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RESULTS 


Since  the  first  testing  of  the  power  conversion  unit  in 
September  of  1978,  the  results  have  been  extremely  gratify¬ 
ing. 

.  1  OPERATION  OF  THE  POWER  CONVERSION  UNIT  FROM  AN  ARRAY 

SIMULATOR.  In  early  September,  1978,  construction  of 
the  power  circuitry  and  basic  control  circuitry  of  the 
power  conversion  unit  were  completed.  Normal  operation 
of  the  power  circuitry  was  verified  in  September.  In 
early  October,  the  power  conversion  unit,  operating  from 
a  current-source  array  simulator,  delivered  power  into 
the  Southern  California  Edison  Company  utility  grid. 

The  tests  demonstrated  the  stability  of  the  power  control 
circuitry  and  the  operation  of  the  peak  power  tracking 
circuitry.  The  tests  performed  were  primarily  qualita¬ 
tive  and  the  unit  met  design  goals,  operating  stably  and 
tracking  peak  power  to  within  19^. 

.2  FIELD  TESTS  WITH  PV  ARRAY  AT  THE  DECC  FACILITY.  During 

the  autumn  of  1978,  a  partial  array  was  installed  at  DECC 
to  allow  system  testing.  The  array  consisted  of  some 
Code  Z  and  some  Code  Y  PV  modules  mounted  to  their 
frames  and  interconnected  as  they  would  be  at  the  per¬ 
manent  site  at  Mt.  Laguna.  Some  of  the  module  frames 
were  mounted  to  shear  panels  while  the  remainder  of  the 
shear  panels  were  being  installed  at  the  permanent  site. 


k2 


By  January  10,  1979,  enough  strings  of  PV  modules  were 
installed  to  begin  system  testing.  There  were  no  sur¬ 
prises  when  the  system  was  operated  in  its  normal  mode, 
extracting  power  from  the  array  and  providing  power  to 
the  local  utility  grid.  By  March,  1979,  the  system  had 
operated  successfully  at  array  power  levels  up  to  27  kW 
(the  maximum  available  from  the  partial  array).  The 
system  operated  normally,  without  unnecessary  operator 
intervention  for  43  days  (  4l4  operating  hours)  at  the 
DECC  facility,  extracting  a  total  of  6218  kWhr  from  the 
array  and  providing  a  total  of  4861  kVhr  to  the  utility 
grid.  Because  the  testing  was  performed  during  a  southern- 
California  winter,  the  array  was  exposed  to  a  variety  of 
environmental  conditions:  temperatures  from  34-90°F, 
bright  sun,  dark  clouds,  thick  fog,  heavy  rain,  and  hail 
with  stones  up  to  3/8  inch  in  diameter  driven  by  strong 
winds.  The  only  environmental  damage  observed  was  the 
flooding  of  some  temporary  underground  cables  from  the 
array  to  the  power  conversion  system.  Because  of  the 
temporary  nature  of  the  installation,  and  the  expectation 
that  the  underground  conduit  would  remain  dry,  the  tempo¬ 
rary  cables  had  not  been  designed  for  submerged  operation. 
Thoughout  the  testing  at  DECC  the  power  conversion  system 
operated  without  failure.  The  entire  system  operated 
through  an  hour-long  series  of  intermittent  brown-outs 
and  black-outs  of  the  local  utility  grid,  shutting 
down  for  self-protection  when  necessary  and  restarting 
automatically  when  appropriate. 
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OPERATION  AT  THE  PERMANENT  SITE.  On  May  29,  1979,  the 
power  conversion  unit,  PMP  and  a  few  remaining  array 
elements  were  shipped  to  the  permanent  site  at  Mt.  Laguna 
Air  Force  Station.  Most  of  the  PV  array  and  system  inter¬ 
connect  wiring  had  already  been  installed  at  that  time. 

The  power  conversion  equipment  was  installed  and  opera¬ 
tional  within  a  week.  Since  completion  of  the  installa¬ 
tion  in  July,  the  system  has  been  tested  and  operated 
under  the  local  conditions.  A  formal  acceptance  test  was 
performed  to  verify  conformance  of  the  system  to  the 
primary  requirements  of  the  purchase  description.  A  copy 
of  the  procedure  and  results  of  the  system  tests  at  Mt . 
Laguna  and  at  DECO  are  discussed  below. 

SYSTEM  PERFORMANCE.  Tests  performed  at  PECO  and  at  the 
permanent  site  verified  that  the  photovoltaic  power  con¬ 
version  system  met  all  of  the  primary  requirements  of 
the  purchase  description.  Although  the  formal  acceptance 
test  (Appendix  A)  was  performed  during  a  brief  two  day 
period  ;md  under  the  prevailing  environmental  conditions, 
additional  data  were  taken  during  later  operation  and  are 
reported  here.  The  data  acquisition  system  was  particu¬ 
larly  helpful  in  taking  approximately  concurrent  readings 
of  the  monitored  parameters.  At  the  time  of  the  observa¬ 
tions,  the  data  acquisition  system  was  programmed  to 


provide  "hard  copy"  data  printouts  on  request 


Modes  of  Operation,  The  purchase  description  for  the 
PV  system  called  for  a  power  conversion  unit  capable 
of  operating  in  two  distinctly  different  inodes  with 
only  minor  modifications  of  the  circuitry i  (l)  the 
nugmcntatlon  mode,  with  the  system  operating  in  parallel 
with  a  utility  grLd  and  no  battery  storage,  and  the 

stand-alone  mode,  independent  of  utility  power,  with 
battery  storage  and  operation  into  a  dedicated  load. 

The  power  conversion  system  was  tested  in  mode  1,  tin' 
augmentation  mode,  only.  The  results  of  those  tests 
are  reported  below.  The  power  circni try  of  the  system, 
Including  the  dc-d<’  converter  (input  rogu  1  a  t  or/vo  1  t  age 
limiter)  and  do— ae  inverter  are  those  used  by  DKCO  in 
its  r.  Uninterruptible  Power  Supplies  (UPSs).  The 
UPS  operates  like  a  mode  PV  power  conversion  system, 
except  that  the  input  dc-de  converter  operates  from 
rectified  utility  power  rattier  than  solar  power.  Only 
the  control  circuitry  won Ld  have  to  bo  modified  to  con¬ 
vert.  the  PV  system  from  mode  1  t.o  mode  operation.  The 
(>:.,.r)  kW  UPS  characteristics  are  described  below  as  an 
Indication  of  the  performance  which  can  bo  expected  in 
a  stand-alone  operation  of  the  PV  power  conversion  system 

The  Power  Conversion  System. 


l4r> 


Input  Fovot',  The  power  conversion  system  operated  pro¬ 
perly  throughout  the  ran^e  from  no  Input  power  up  to 
the  maximum  observed  Input  power,  b‘)kW.  The  power  con¬ 
version  system  tracked  the  array  peak  power  to  within 
1%  (typically  0.*>#)  over  the  Input  power  rnn^e  of  10-bO  kW 

Input  Voltage.  The  power  conversion  system  operated 
properly  over  the  rant’e  of  peak  power  points  encountered, 
and  protected  Itself  against  unloaded  array  voltage.  The 
system  was  tested  at  Input  voltages  ~0%  at>ove  and  below 
tlie  peak  power  point  by  operating  tin*  manual  overrido 
adjustment.  The  system  operated  stably  both  above  ami 
below  the  peak  power  point. 

Output  Power.  Operation  of  the  power  conversion  system 
has  been  demonstrated  at  output  power  levels  up  to  bO  kW. 

Output  Voltage.  As  tested  In  mode  1  operation,  the  power 
conversion  system  output  voltage  is  equal  to  the  utility 
f?rld  vo  1 1  a;ve  by  Identity.  The  system  operated  properly 
over  all  in-rantve  <;rld  conditions  encountered  during 
test  i  tifv. 

When  the  same  Inverter  has  been  used  In  OPS  applications 
it  has  demonstrated  excellent  output  characteristics. 

The  voltage  regulation  is  typically  +  1$  with  a  phase 
imbalance  of  less  than  O.ptf.  of  the  line-to— neutral  voltage 
1'he  phase  displacement  Is  ll’O+’l®  for  load  imbalance  up 


to  30# 


3. 4. 2. 5  Efficiency,  The  measured  efficiency  of  the  system  is 
plotted  as  a  function  of  output  power  in  Figure  3-1 • 

The  overall  power  conversion  efficiency  is  92#  at  60  kW 
and  91#  at  30  kW.  The  no-load  losses  (input  power  from 
array  with  zero  output  power)  are  less  than  2.6  kW  at 
all  normal  array  input  voltages.  The  stand-by  losses 
are  approximately  65  kW. 

3. 4. 2. 6  Harmonic  Distortion  and  Waveform.  The  measured  total 
harmonic  distortion  of  the  output  current  in  mode  1 
operation  is  2.6#  over  the  output  power  range  of  30-60  kW. 
Below  30  kW  the  distortion  amplitude  remains  relatively 
constant  (approximately  1.3#  of  the  full  power  output). 

The  output  current  waveforms  at  14  kW  and  45  kW  are  shown 
in  Figure  3-2.  There  is  no  observable  disturbance  to  the 
utility  grid  voltage.  Figure  3-3  shows  the  grid  voltage 
(a)  with  the  power  conversion  system  off,  and  (b)  with 
the  power  conversion  system  on  and  delivering  40  kW  to 
the  grid. 

The  output  voltage  of  the  same  inverter  operating  as  an 
DPS  has  a  total  harmonic  distortion  of  less  than  3#  with 
a  maximum  single  harmonic  distortion  of  less  than  2#. 

'.4.2.7  System-Grid  Interaction.  The  power  conversion  system 
incorporates  soft-start  characteristics  to  avoid 
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EFFICIENCY  (SI 


FIGURE  I- I .  POWER  CONVERSION  SYSTEM  EFFICIENCY 
AS  A  FUNCTION  OF  OUTPUT  POWEN 
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disturbance  of  the  grid  at  turn-on.  Figure  3-4  shows 
the  typical  rate  of  rise  of  the  output  current  at  turn¬ 


on.  The  small  mismatch  in  voltage  and  phase  across  the 
output  contactor  is  responsible  for  the  discontinuity 
seen  at  the  point  of  turn-on.  There  is  no  observable 
disturbance  to  the  grid  at  turn-on. 

There  was  some  initial  concern  that  the  abrupt  current 
change  at  turn-off  would  affect  the  Mt.  Laguna  grid. 

Fault  shut-down  during  high-power  operation  was  of  partic¬ 
ular  concern.  DECC  planned  to  perform  a  set  of  tests, 
shutting  the  system  off,  first  at  very  low  power,  and 
then  at  higher  power  levels  to  determine  the  affect  on 
the  grid.  During  the  first  day  of  testing,  however,  the 
system  was  accidently  shut  down  with  65  kW  output  to  the 
grid.  Since  no  significant  disturbance  was  observed  at 
the  main  power  station,  no  further  tests  were  deemed 
necessary. 

8  Protective  System.  The  protective  circuitry  of  the  PV 

system  includes,  but  is  not  limited  to,  that  required  by 
the  purchase  description  for  the  system.  (See  paragraph 
2.4.4.)  All  protection  circuitry  operated  properly  and 
workable  fault  thresholds  were  established  for  all  pro¬ 
tective  circuits. 
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During-  the  design  phase  it  was  hoped  that  the  ground  fault 
detector  could  be  operated  to  provide  an  additional  mea¬ 
sure  of  personnel  protection  by  initiating  the  shut-down 
and  array-shorting  sequence  when  potentially  d;uigerous 
ground  fault  currents  (more  than  r>0  mA)  were  detected. 
During  tests  at  DFCC,  however,  it  was  found  that  whereas 
the  normal  ground  current  on  a  dry  day  was  approximately 
2  mA,  the  total  array  ground  current  on  wet  days  frequently 
reached  50  mA.  Thus  the  ground  fault  detector,  as  deliver¬ 
ed,  operates  to  provide  an  indication  of  excessive  ground 
current  only. 

3*4. 2. 9  Expansion  Capability.  Tin'  power  conversion  system  meets 
the  purchase  description  requirements  for  expandability 
in  either  operating  mode.  In  mode  I,  adding  another  inde¬ 
pendent  power  conversion  system  is  completely  straight¬ 
forward.  Each  system  is  independently  controlled  to  oper¬ 
ate  into  th«'  utility  grid. 

In  mode  2,  combination  of  two  units  may  he  achieved  by 
operating  in  a  master-slave  mode.  The  inverter  has  been 
operated  in  this  manner  in  many  UPS  installations. 

3.4.2.10  Electromagnetic  Interference.  As  mentioned  above,  the 
power  conversion  circuitry  and  cabinet  design  of  the  PV 
system  are  identical  to  those  of  DEOV’s  (>2.5  kVA  UPSs. 

The  results  of  EMI  tests  performed  on  one  such  UPS  unit 
are  given  in  Appendix  B  of  this  report.  The  PV  power 
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conversion  unit  includes  additional  input  and  output 
filtering  which  should  result  in  even  lower  conducted 
emissions,  and  the  removal  of  input  rectifiers  should 
result  in  a  slightly  lower  radiated  emission  in  the  PV 
unit.  Because  of  the  low  EMI  levels,  the  low  frequency 
of  the  emissions,  and  the  200  yard  distance  between  the 
power  conversion  building  and  the  nearest  sensitive  equip¬ 
ment  (with  its  100  MHz  to  several  GHz  operating  range ) , 
there  should  be  no  significant  interference  with  that 
equipment.  None  has  been  reported. 

Audible  Noise,  No  actual  acoustic  noise  measurements 
were  made  on  the  power  conversion  system.  An  uninter¬ 
ruptible  power  supply  using  the  same  inverter,  converter, 
cabinet  and  blowers  has  a  maximum  acoustic  noise  of  89dP 
measured  at  6  feet  front  the  cabinet.  Two  cooling  fans 
mounted  in  the  ceiling  of  the  power  conversion  building 
produce  a  negligible  increase  in  the  sound  level. 

The  Array.  Although  the  emphasis  of  this  contract  is 
on  the  development  and  operation  of  the  power  conversion 
system,  some  significant  observations  have  been  made  about 
the  PV  array  itself. 

Output  Power.  The  measured  array  output  power  reached 
a  peak  value  of  69  kW.  This  higher-thnn-rated  array 
power  was  observed  at  a  time  when  the  insolation  was 
enhanced  by  reflection  from  nearby  clouds.  On  a  clear 
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August  day  with  1016  W/M^  insolation  and  71°F  ambient 
temperature,  the  array  output  power  was  58  kW.  When 
the  data  from  the  data  acquisition  system  is  reduced, 
extensive  detailed  information  on  output  power  as  a  func¬ 
tion  of  insolation  and  temperature  will  be  available  from 
Sandia  Laboratories. 

The  PV  Modules.  The  only  major  problem  which  has  arisen 
in  the  system  is  with  the  Code  Z  PV  modules.  During 
the  system  tests  at  the  DECC  facility,  it  was  observed 
that  some  of  the  Code  Z  PV  cells  operated  at  a  con¬ 
siderably  higher  temperature  than  others.  The  heating 
effect  was  observed  both  with  the  array  shorted  and  with 
the  array  providing  power  to  the  power  conversion  system. 

When  the  PV  modules  were  shipped  to  Mt.  Laguna,  the  tech¬ 
nicians  installing  them  began  to  notice  bulges,  or 
"bursts"  in  some  of  the  cells.  New  bursts  are  still 
appearing  at  the  time  of  this  report.  Although  there  has 
been  no  appreciable  reduction  in  the  output  power  of  the 
array,  it  is  clear  that  the  continued  development  of 
bursts  will  eventually  cause  deterioration  of  module  per¬ 
formance  and  failure  of  some  modules  to  produce  power. 

The  tendency  of  cells  to  develop  bursts  appears  to  be 
correlated  to  the  presence  of  high  temperatures.  The 
bursts  may  be  caused  by  even  or  uneven  expansion  of  the 
cells  or  of  gasses  trapped  under  the  cells  during 
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enc apsulation 


Jet  Propulsion  Laboratory  (JPL),  who  provided  the  PV 
modules  under  contract  with  the  Department  of  Energy, 
is  studying  the  temperature  and  burst  problems  and  will 
be  publishing  a  full  report  of  their  findings.  They 
have  found  that  the  temperature  of  some  cells  exceeds 
the  temperature  of  others  by  as  much  as  80°C.  Two 
heating  mechanisms  are  responsible  for  the  high  tempera¬ 
tures  t  heating  due  to  photocurrents  in  reverse  biased 
cells,  and  heating  due  to  leakage  or  breakdown  in  re¬ 
verse  biased  cells.  A  cell  of  a  loaded  module  becomes 
reverse  biased  when  its  current  production  capability 
is  significantly  less  than  that  of  the  cells  connected 
in  series  with  it.  The  first  heating  mechanism  occurs 
in  any  reverse  biased  cell:  the  power  dissipated  by 

this  mechanism  is  equal  to  the  photocurrent  generated 
in  the  cell  times  the  bias  voltage  and  may  be  as  much 
as  the  peak  available  power  of  the  rest  of  the  cells 
of  the  module.  The  power,  however,  is  distributed  over 
the  entire  photocurrent-generating  area  of  the  cell 
for  maximum  power  densities  of  approximately  three 
watts  per  square  inch. 

The  second  heating  mechanism  does  not  occur  in  all  cells, 
but  does  result  in  much  higher  power  densities.  Uneven 
heating  in  some  cells  led  DECC  to  investigate  the  reverse 
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breakdown  characteristics  of  the  PV  cells.  Tests  were 
performed  on  eight  Code  Z  modules  (  3~0  cells).  The  test 
set-up  is  shown  in  Figure  3-5.  With  a  module  shorted,  its 
cells  were  occluded  one  at  a  time  by  an  opaque  disc. 
Ideally,  covering  one  cell  in  the  series  set  should  result 
in  an  open  circuit  and  zero  current  through  an  external 
short.  In  actuality,  electrical  leakage  and  leakage  of 
light  around  and  under  the  covering  disc  result  in  some 
output  current.  For  most  cells,  the  "dark"  current  was 
between  10  and  100  milliamps.  Sixteen  percent  of  the 
cells,  however,  had  "dark"  currents  in  excess  of  200 
milliamps,  7.8%  had  "dark"  currents  in  excess  of  500 
milliamps,  <uid  2 .  2%<  had  "dark"  currents  in  excess  of  one 
amp.  The  cells  exhibiting  "dark"  currents  of  more  than 
500  milliamps  became  discernably  hotter  than  the  other 
cells.  In  general  the  heating  occurred  in  a  very  small 
area  of  the  cell,  causing  an  extremely  rapid  rise  in  tem¬ 
perature.  In  one  case,  when  the  opaque  disc  was  inadver¬ 
tently  left  in  place  too  long,  the  surface  of  the  module 
reached  a  temperature  of  the  order  of  80-100°C.  The  result 
was  visible  melting  of  the  solder  and  of  either  the  plastic 
or  the  adhesive  material  under  the  cell.  The  cell  became 
physically  distorted  at  the  hot  spot.  These  tests,  per¬ 
formed  with  totally  occluded  cells,  resulted  in  greater 
localization  of  the  dissipation  than  would  normally  occur. 
Under  normal  partial  occlusion,  the  power  dissipated  in  a 
cell  would  be  shared  by  the  distributed  photocurrent  dis¬ 
sipation  and  the  localized  breakdown  dissipation. 
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The  Code  Z  modules  are  particularly  prone  to  reverse  bias¬ 


ing.  The  I-V  characteristics  l'or  the  two  types  of  cells 
are  different  as  seen  in  Figure  ')-(>.  Vendor  Z  has  attained 
a  very  sharp  I-V  curve  with  a  consequent  high  cell  effi¬ 
ciency.  The  penalty  paid  for  this  characteristic  Is  the 
strong  dependence  of  the  voltage  on  the  current  at  high 
currents.  If  one  cell  can’t  produce  as  much  current,  as 
the  other  cells  of  the  module,  the  remainder  of  the  module 
may  apply  a  significant  reverse  voltage  to  the  limiting 
cell  (through  the  load). 

Tests  at  DROC  verified  what  the  curves  predict!  with  the 
module  operating  into  a  normal  load,  a  I.’O'Vi  deficiency  in 
the  current  capability  of  one  cell  causes  a  significant 
(l0-:»0  Vdc  )  reverse  voltage  across  the  cell  and  signifi¬ 
cant  power  dissipation  in  the  cell.  Operating  into  a 
short  circuit,  however,  a  current  deficiency  on  only  lOOf’ 
will  have  the  same  effect. 

Unfortunately,  several  real  field  conditions  can  result 
In  10—1*0*^  insolation  variations  between  cells  of  a  module. 
Single  cells  may  become  shadowed  due  to  wood  growth,  and 
dirt  distribution  is  not  necessarily  even.  Condensed  or 
precipitated  water  on  the  modules  sometimes  causes  dirt 
to  collect  on  the  lower  cells.  Pil'd  droppings  are  not 
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.  COMPARISON  OF  CURRENT-NORMALIZED 
I-V  CURVES  FOR  SOLAR  POWER  AND 
SOLAREX  PHOTOVOLTAIC  CELLS 


ONCI  TS IONS  AND  RECOMMENDATIONS 
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With  the  exception  of  the  problems  with  the  Code  Z 
photovoltaic  modules,  the  operation  of  the  60  kW  Solar 
Array  and  Power  Conversion  System  has  been  more  thun  satis¬ 
factory  in  every  way.  The  array  has  produced  power  in 
excess  of  its  rated  output,  and  the  power  conversion  sys¬ 
tem  has  operated  within  its  design  goals  and  without  fail- 
tire  during  months  of  testing  at  DECC  and  at  Mt.  Laguna. 

Much  more  information  concerning  long  term  system  opera¬ 
tion  will  become  available  as  the  system  continues  to 
operate  at  Mt.  Laguna  and  data  become  available  from  the 
data  acquisition  system. 


Even  a  system  as  totally  successful  as  this  one  must  be 
evaluated  carefully  at  completion  with  an  eye  to  possible 
improvements  in  future  systems.  Some  of  DECC ' s  observa¬ 
tions  ;uid  conclusions  on  the  Mt.  Laguna  system  are  dis¬ 
cussed  below  along  with  some  recommendations  for  future 
systems . 


^•1  THE  ARRAY  STRUCTURE,  The  mounting  frames  for  the  PV 

modules  were  designed  to  support  and  protect  the  modules 
during  winds  of  up  to  120  knots.  The  frames  were  si/.ed 
on  the  basis  of  series  string  size,  the  Code  Y  frames 
holding  a  complete  string  and  the  Code  Z  frames  hold¬ 
ing  half  a  string.  The  PV  modules  could  then  be  installed 
on  the  frames  and  the  intra-string  wiring  performed  indoors 


61 


l 


with  the  panels  not  exposed  to  sunlight.  Although  the 
assembled  frames  proved  rather  too  large  and  heavy  to  be 
carried  by  two  men,  this  sizing  of  frames  proved  especially 
convenient  in  this  application  where  part  of  the  array  was 
installed  at  DECC,  disassembled,  and  moved  to  Mt.  Laguna. 
For  systems  to  be  installed  in  a  more  benign  environment, 
some  savings  in  weight  and  cost  might  be  achieved  by  re¬ 
designing  the  frames.  The  frames  were  easy  to  construct 
using  welding  jigs  developed  for  that  purpose,  and  a  com¬ 
plete  Code  Y  frame  could  be  assembled  in  approximately  one 
hour  by  an  experienced  welder. 

In  future  systems,  the  use  of  wood  for  the  shear  panels 
should  be  evaluated  in  terms  of  ease  of  installation  and 
site  environment.  Mechanical  alignment  of  the  long  rows 
of  modules  was  difficult,  and  many  mounting  holes  had  to 
be  redrilled.  The  use  of  adjustable  U-channel  mountings 
would  ease  the  installation  of  large  arrays.  The  ability 
of  the  wood  panels  to  withstand  the  harsh  Mt .  Laguna 
environment  should  be  evaluated  after  a  few  years  of 
exposure . 

ARRAY  WIRING.  In  this  system,  approximately  1000  cable- 
mounted  disconnect  plugs  were  installed  within  the  series 
strings  to  allow  isolation  of  pairs  of  modules  and  reduc¬ 
tion  of  the  maximum  daytime  service-point  voltage  to 
50  Vdc .  The  protection  provided  by  these  plugs  is 
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redundant.  Servicing  can  be  performed  safely  during 
periods  of  low  insolation  or  with  the  panels  covered  by 
opaque  covers  supplied  for  that  purpose.  In  future  sys¬ 
tems,  the  impact  of  these  plugs  on  construction  time, 
cost  and  reliability  should  be  weighed  carefully  against 
the  questionable  contribution  to  safety. 

Ideally,  future  PV  modules  should  be  fabricated  with  the 
reverse  diode  installed  internally  and  all  connections 
made  through  a  connector  molded  into  the  unit.  This 
would  drastically  reduce  the  time  required  to  install 
large  arrays  and  eliminate  the  need  for  additional  dis¬ 
connect  plugs  by  eliminating  any  exposed  terminals.  At 
the  very  least,  the  junction  box  covers  should  snap  into 
place,  rather  than  be  held  in  place  by  four  screws.  Using 
time  estimates  from  MIL-HDBK-^72 ,  more  than  l6q  man-hours 
were  required  Just  to  remove  and  replace  the  covers  of 
the  junction  boxes  during  wiring  of  this  array.  Location 
of  a  faulty  reverse  diode  within  a  string  could  take  as 
long  as  an  hour  because  of  the  time  required  to  gain  access 
to  the  diodes  in  the  Junction  boxes. 

In  the  Mt.  Laguna  installation,  the  intra-string  coimect- 
ing  wires  were  mounted  to  the  modulo  support  frames  with 
metal  U-clips  to  reduce  wind  damage  to  the  wires.  In  the 
design  of  future  installations,  some  thought  might  be 
given  to  the  provision  of  mounting  holes  or  anchors  for 
tie  wraps  or  other  cable  mounts. 
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ROW  TERMINAL  BOXES.  The  row  terminal  boxes  on  the  array 
provide  a  termination  point  for  series  string  outputs 
and  underground  cables,  and  include  surge  suppressors  for 
lightning  protection.  They  also  include  test  jacks  for 
measuring  the  outputs  of  all  strings  in  that  row.  Since 
the  same  information  is  available  at  the  PMP,  or  at  the 
string  output  connector  mounted  to  the  PV  module  frame, 
these  terminals  appear  to  be  superfluous.  Throughout 
installation,  checkout  and  testing  of  the  system  no 
engineer  or  technician  used  these  test  jacks. 

.4  SOLAR  POWER  MODULES.  There  are  two  distinct  problems  to 

be  addressed  concerning  the  Solar  Power  modules:  (l) 
how  future  module  design  might  overcome  the  problems  ob¬ 
served  with  these  modules,  and  (2)  what  might  be  done  to 
improve  the  operation  and  lifetime  of  existing  modules. 

The  solution  of  the  first  problem  is  generally  understood. 
Both  dissipation  mechanisms  described  above  can  be  mini¬ 
mized  by  the  addition  of  reverse  diodes  across  subsets 
of  cells  of  a  module.  The  number  of  cells  in  a  subset, 
"n",  must  be  chosen  such  that  (l)  the  peak  power  of  n-1 
cells  can  be  dissipated  by  the  nth  cell  without  damage 
to  the  cell,  and  (2)  the  maximum  voltage  of  n-1  series 
cells  does  not  cause  reverse  breakdown  in  the  nth  cell. 

From  the  construction  of  the  Solar  Power  modules,  it 
appears  to  be  relatively  easy  to  install  two  reverse 
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diodes  in  the  module,  each  diode  across  20  of  the  cells. 
Installation  of  these  diodes  would  reduce  the  maximum 
photocurrent  dissipation  in  a  cell  by  a  factor  of  two, 
and  eliminate  breakdown  in  all  but  a  small  fraction  of 
the  cells.  DECC  estimates  that  the  cost  of  installing 
these  diodes  would  be  approximately  $30  per  module. 

Some  consideration  might  be  given  to  installing  four 
diodes,  each  across  10  cells.  This  modification  would 
be  more  difficult  and  the  cost  would  be  more  than  twice 
the  cost  of  installing  2  diodes.  Further  studies  by  JPL 
should  determine  whether  it  is  necessary  to  reduce  the 
maximum  power  by  more  than  a  factor  of  two,  and  whether 
installation  of  the  diodes  could  be  performed  without 
adversely  affecting  the  reliability  of  the  module. 

4.5  ARRAY  SHORTING.  The  input  contactor  K1  of  the  power 

conversion  system  shorts  the  array  whenever  the  power 
conversion  unit  is  off.  The  purpose  of  this  is  twofold. 

Firstly,  with  the  power  conversion  system  off  and  the 
array  unshorted,  the  voltage  at  the  unloaded  array  can 
be  as  high  as  400  Vdc .  Shorting  the  array  removes  the 
high  voltage  for  the  connected  strings  providing  added 
protection  for  service  personnel.  Shorting  could  be 
particularly  useful  in  the  case  of  a  ground  fault  due 
to  personnel  contact  between  high  voltage  and  ground. 

Secondly,  the  current  through  the  shorting  circuit 
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breaker  is  monitored  to  detect  the  presence  of  sufficient 
solar  power  for  start-up. 

In  view  of  the  problems  with  the  Solar  Power  modules,  the 
wisdom  of  shorting  PV  arrays  has  been  questioned.  Al¬ 
though  it  would  alleviate  the  problem  somewhat,  eliminat¬ 
ing  the  shorting  of  the  array  will  not  solve  the  problem 
of  the  Solar  Power  modules.  Occluded  cells  are  being 
reverse  biased  whether  the  array  is  operating  into  a 
short  or  into  the  power  conversion  system.  There  are, 
however,  other  arguments  for  leaving  the  array  open.  The 
high  current  contactor  required  for  shorting  the  array 
is  generally  quite  expensive.  It  must  be  rated  for  inter¬ 
ruption  of  the  entire  short  circuit  current.  An  insolo- 
meter  or  two  redundant  insolometers  could  be  used  to  sense 
the  presence  of  sufficient  power  for  turn  on.  A  shorting 
switch  or  connector  could  be  provided  to  allow  shorting 
of  individual  series  strings  or  subarrays  during  servic¬ 
ing. 

DECC  does  not  recommend  that  the  present  Mt.  Laguna  system 
be  modified  to  operate  with  an  open  array.  In  normal 
operation,  the  array  will  be  shorted  only  when  there  is 
insufficient  solar  power  available,  and  the  stress  on  the 
PV  cells  is  minimal.  If  the  system  is  to  remain  off  for 
extended  periods  of  high  insolation,  the  individual  strings 
can  be  unshorted  manually  at  the  string  select  switches 
in  the  PMP.  In  the  design  of  future  systems,  the  trade- 
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off  between  cost  and  safety  will  have  to  be  evaluated. 

Some  of  the  factors  affecting  the  decision  will  be  the 
array  voltage,  array  current,  and  PV  cell  characteristics. 

THE  PMP.  Prior  to  the  installation  of  the  data  acquisi¬ 
tion  system,  the  PMP  was  invaluable  in  identifying  faulty 
or  inoperative  strings  of  PV  modules.  One  improvement 
which  might  be  made  in  future  systems  would  be  to  replace 
the  fixed  loads  with  a  variable  load  (static  or  dynamic) 
to  allow  plotting  of  the  X-V  curves  of  individual  strings. 

POWER  CONVERSION  UNIT.  To  allow  mode  2  stand-alone  opera¬ 
tion  as  required  by  the  purchase  description,  the  power 
conversion  unit  had  to  include  an  input  dc-dc  power  con¬ 
version  stage  to  supply  a  regulated  charge  voltage  to  the 
battery.  In  the  augmentation  mode,  though,  the  dc-dc  con¬ 
verter  is  operated  only  to  protect  the  power  inverter  from 
the  high  array  voltages  present  at  start-up.  For  future 
systems  operating  in  the  augmentation  mode  only,  considera¬ 
tion  should  be  given  to  redesigning  the  inverter  using 
components  capable  of  operating  at  the  maximum  array  volt¬ 
age.  Improvements  in  cost,  efficiency  and  simplicity' 
would  result  from  elimination  of  the  dc-dc  conversion 
stage . 

GROUND-FAULT  PROTECTION.  Because  of  the  ground  current 
measurements  made  during  tests  at  the  temporary  site  at 
DECC  (paragraph  3. 4. 2, 8),  the  ground-fault  detector  does 


not  initiate  a  shut-down  and  array- shorting  sequence. 
Although  the  50  mA  protection  threshold  was  frequently 
exceeded  at  the  temporary  installation,  it  will  not 
necessarily  be  exceeded  with  the  system  properly  install¬ 
ed  at  the  permanent  site,  even  during  wet  weather.  DECC 
recommends  that  operating  personnel  at  Mt.  Laguna  monitor 
the  "ground  fault"  status  lamp  periodically  during  the 
coming  wet  season,  when  the  soil  around  the  underground 
cables  is  saturated  with  water.  If  the  ground  current 
does  not  exceed  50  mA  during  these  operating  conditions, 
the  ground  fault  circuit  should  be  modified.  Addition  of 
a  single  wire  will  change  the  control  circuitry  so  that  a 
ground  fault  indication  initiates  a  shut-down,  shorting  the 
array  and  removing  high  voltage  from  the  array, 

4.9  OPERATION.  To  date  the  system  has  operated  reliably  with¬ 

out  fault  shutdowns.  The  power  conversion  system,  however, 
is  located  in  an  unmanned  building  and  service  persoimel 
must  be  dispatched  periodically  to  verify  that  the  system 
is  operating.  It  is  therefore  possible  that  the  system 
may  remain  off,  with  the  array  shorted,  for  some  period 
of  time. 

When  the  system  wiring  was  done,  extra  wires  were  strung 
through  the  conduit  from  the  power  conversion  building 
to  the  manned,  diesel  power  generating  station.  It  is 
recommended  that  these  wires  be  connected  such  that 
on/off  status  contacts  in  the  power  conversion  unit  are 
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operative  to  drive  a  lamp  or  other  indicator  in  the  manned 
diesel  power  station.  In  this  way,  system  shutdowns  can 
be  attended  to  promptly  without  unnecessary  stress  on  the 
array  or  loss  of  solar  power. 

4.10  CONCLUSION.  The  60  kW  solar  power  array  and  power  conver¬ 

sion  system  is  the  first  of  its  type:  designed  to  be  a 
working  component  of  a  power  generating  station  and  to 
provide  a  significant  portion  of  the  station  power.  The 
primary  design  emphases  were  making  the  system  stable, 
efficient,  self-protected,  self-sufficient,  and  automatic. 
Unlike  previous  research  and  development  systems,  the 
Mt .  Laguna  solar  power  plant  was  designed  to  operate  com¬ 
pletely  unmanned  over  extended  periods  of  time. 

No  major  technical  difficulties  were  encountered  in  the 
development  of  the  system.  The  design  of  the  control 
circuitry  avoided  the  instabilities  which  have  plagued 
so  many  photovoltaic  systems.  All  observations  to  date 
support  the  belief  that  a  dc-ac  photovoltaic  energy  con¬ 
version  system  without  on-site  energy  storage  can  effec¬ 
tively  augment  a  utility  grid,  even  in  a  remote  location. 
Continuing  long-term  operation  and  observation  of  the  sys¬ 
tem  in  the  future  will  determine  the  system  lifetime, 
maintenance  requirements  and  the  actual  fuel  savings  re¬ 
sulting  from  system  operation. 
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ACCEPTANCE  TEST 


Ari'icrrAXi'F  rrsr  i*K»>t  i  m  ki 
I'OK  TUI' 
mo  I  hi.  ui::n 

SOl.XK  I'OVFK  OONVl'HS  LON  >  .  S  I’l  M 


CON TRAC  I 


D"WN  ■  >.  Sue  l  z  1  o 


CHI  i  K 


MIG 


APPROVID 


APPROVI  0 


DELTA  ELECTRONIC  CONTROL  CORP 

IRVINE.  CALIFORNIA  USA 


DECC 


CODE  IDENT  NO 
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Tin*  purpose  of  this  test  procedure  is  to  verify  proper 
operation  of  the  Photovoltaic  Power  Conversion  System, 
DECO  Model  61211,  provided  under  I'.S.  Army  MERADCOM 
Contract  DAAK70—  7^—C— 00 18.  Tin*  tests  to  be  performed 
fall  into  three  main  categories:  (  t)  tests  of  the 

inverter  and  PMP  operation,  system  tests  at 

the  DECO  facility  (with  a  partial  arra\),  and  (')) 
field  tests  of  the  final  installation. 

APPLICABLE  DOCUMENTS 

MERADCOM  Contract  1) \AK70-78-C-00  1 8 ,  Purchase 
Description 

DECC  Workmanship  .’tandards  Manual 

TEST  REQUIREMENTS 

GENERAL.  Unless  otherwise  noted,  all  tests  are  to  he 
performed  at  ambient  conditions.  The  test  equipment 
in  Table  1  shall  be  used.  Substitution  of  equivalent 
equipment  shall  be  allowed  only  when  improved  by  the 
DECC  QA  manager,  and  all  equipment  substitution  shall 
be  noted  on  the  data  sheets.  All  test  equi pment  shal l 
have  a  sticker  or  tag  showing  the  calibration  date 
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arul  the  >la to  the  next  calibration  Is  due.  No  equip¬ 
ment  shall  be  usod  beyond  tbe  date  the  calibration  is 
due.  Power  sources  and  loads  need  no  I  be  calibrated 
If  adequately  monitored  by  calibrated  equ  i  pine  .  Mea¬ 
surements  tiro  to  be  performed  and  the  data  recorded  as 
indie. lied  in  Section  h. 

INSPECTION,  All  equipment  shall  be  Inspected  for  con¬ 
formance  to  drawing  and  to  tbe  Pitt'  worUuituish  i  p  stand¬ 
ards  and  sbal.1  be  Inspected  for  pence  i  l  nppc.ir.mcc. 

ISOLATION  ITST  OK  Till'  INVENTED  \\l)  PMP.  1'bis  test 
verifies  tli.it  the  inverter  and  PMP  have  tbe  required 
electrical  isolation.  Disconnect  i  lie  PMP  .md  tbe  i  u- 
u'l  ier  from  tiny  input  power  source  or  lead.  I'i- — 

connect  tin*  input  return  from  (In  chassis  v  it  ,qround 
fan  1  t  detector).  Short  together  (lie  inpui  power 
leads  md  measure  tile  leakage  current  (com  tbe  leads 
to  t  lie  ebtissis  at  r.’Ol)  Vde  .  Ueeonncc  I  tile  input  re¬ 
turn  la  tin*  ebtissis.  Short  1  ope  (  he  r  I  be  output 
lis.  Is  and  measure  the  current  from  tb  *  lends  t  o  the 
chassis  at  I  NOO  Vde,  Pnshort  tin*  leads.  Test  tl  ■ 
Inverter  (qualitatively)  from  a  current -source  array 
i i mu  Liter  and  with  utility  interface  to  verify  prop  — 

I-,  i  it  ion  and  stub!  lity . 

•i.VOY,  INVKKTKH  AND  PMP.  Dslnr  ".I*-  meters, 

.  <i  ifflidiT  i  monitored  by  each  of  tin*  in— 


verter  and  PMP  meters  (Table  2).  Calculate  the  per¬ 
centage  deviation  of  each  panel  meter  reading  from 
the  calibration  source  and  record  as  indicated  in 
Table  2.  Meter  locations  are  shown  in  Figure  1 . 

TESTS  WITH  PARTIAL  ARRAY.  These  tests  are  to  be  per¬ 
formed  at  the  DECC  facility  using  a  partial  ai  ray 
(consisting  of  both  types  of  PV  panels)  and  the 
Southern  California  Edison  Company  utility  grxd. 

See  Figure  2.  The  purpose  of  these  tests  is  to 
verify  proper  and  stable  operation  with  a  photo¬ 
voltaic  source  and  utility  interface.  Perform  the 
measurements  and  record  the  data  as  indicated  in 
Section  h  (Tables  3  and  4). 

EXTENDED  OPERATION.  Following  the  formal  tests  at 
the  DECC  facility,  operate  the  system  from  the  array 
and  into  the  utility  until  the  permanent  site  is 
ready.  Keep  an  operation  log  to  note  any  unusual 
operating  conditions  or  system  malfunctions.  Append 
the  log  to  the  test  data  as  Table  r> .  Note  primary 
array  parameters  under  various  weather  conditions. 

TESTS  AT  THE  PERMANENT  SITE.  These  tests  verify 
proper  installation  and  operation  :n  the  pern,  ment 
site.  The  tests  include  verification  of  proper 


interconnection  of  the  array  and  PM1’,  verification  ot 
stability  with  full  power  array  and  local  crid,  and 
check  of  protection  circuitry.  IV norm  the  u.asnro- 
ments  and  record  the  data  as  indicated  in  Section  ht 
Tables  6,  7,  and  8. 


4.0 


4.1 


TEST  PROCEDURES 
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INSPECTION.  Inspect  all  equipment  lor  conformance 
to  drawing  and  DECC  workmanship  standards.  Inspect 
for  general  appearance.  Attach  to  this  procedure 
a  list  of  all  non-conformances.  If  there  are 
none,  indicate  so  below. 

No  non-conformance 


4.2  ISOLATION  TEST  OP  THE  INVERTER  ANH  I'MP.  Perform 

the  procedure  described  in  paragraph  3.3.  Record 

tlu?  measured  leakage  currents  below. 

Leakage  from  input  leads  to  chassis  0 .  1  mA 

Leakage  from  output  leads  to  eliassisO ,  1  in  A 

4.3  METER  ACCURACY,  INVERTER  AND  PMP.  Verify  the  ac¬ 
curacy  of  the  inverter  and  PMP  panel  meters  as  de¬ 
scribed  in  paragraph  3.4.  Record  data  in  Table  . 

4.4  TESTS  WITH  A  PARTIAL  ARRAY. 

Note:  Except  where  noted,  measurements  are  to  be 

made  with  the  inverter  in  the  AUTO  mode. 

4.4.1  Standby  Power  and  Current.  Connect  the  system  in 
the  normal  fashion  with  the  partial  array  and  the 
local  grid.  Place  all  string  switches  on  the  PMP 
in  the  center  (off)  position.  Willi  1  vtnrnul.  motor*, 


measure  the  input  current  and  tlio  Input.  pov<  r  from 


the  utility  <:rid  with  the  system  ol‘f 


Record  the 


intMsui  i'iiR'iits  in  Table  3. 

4.4.2  Start-Ip .  On  a  sunny  day,  switch  the  string  switches 
to  the  LINK  position  one  at  a  time.  Kach  switch 
action  should  result  in  an  increase  in  the  input 
current  (M2).  The  inverter  will  eventually  start  up. 
Record  the  input  current  (M2)  .just  prior  ti>  start-up. 
After  start— up,  record  the  input  pewcr  ('Ll)  and  th< 
output  power  (M17).  Calculate  the  power  loss  in 
the  system  (M3-M17). 


4.4.3  Operation.  Perforin  the  measurement.-,  indicated  in 
Table  3  and  record  the  results  in  Tabl<  i. 


4.4.4  Fault  Protection  and  Automatic  Shnt-bown.  Test  the 
fault  protection  and  shut-down  features  and  verify 
operation  as  indicated  in  Table  4.  List  any  fail¬ 
ures  or  unusual  operations  or  conditions  in  the 
comments  column. 

4.5  TESTS  AFTER  FINAL  INSTALLATION. 

Notej  Except  where  noted,  measurements  are 
to  he  made  with  the  inverter  in  the  AUTO  mode. 

4.5.1  Start-Up.  On  a  sunny  day,  switch  the  string 
switches  to  the  LINK  position  one  at  a  time. 

Verify  that  each  switch  action  results  in  an 
increase  in  the  input  current  (M2).  Verify  that 
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the  inverter  starts  up  at  approximately  35  amps  in¬ 
put  current. 

4.5.2  Operation.  Perform  the  measurements  indicated  in 
Table  6  and  record  the  data  in  Table  6. 

4.5.3  Fault  Protection  and  Automatic  Shut-Down.  Tost 
fault  protection  .and  shut-down  features  and  verify 
operation  as  indicated  in  Table  7.  Perform  inter¬ 
lock  test  by  opening  and  closing  the  remote  circuit 
breaker.  List  any  failures  or  unusual  conditions 
in  the  comments  column. 

4.5.4  Comparison  of  Solar  Cell  String  Outputs .  This  test 
is  to  be  performed  under  conditions  of  stable  insol¬ 
ation.  If  possible  it  should  be  performed  under 
conditions  of  maximum  insolation  (between  II  A.M.  and 
1  P.M.  Pacific  Standard  Time  on  a  clear  sunny  day. ) 
Select  one  Solar  Power  string  and  one  Solarex  string 
to  serve  as  a  reference.  Operate  the  system  in  the 
normal  manner  from  the  full  array  and  into  the  utility 
net.  Using  the  outputs  to  the  data  acquisition  sys¬ 
tem,  measure  the  output  current  from  each  string  com¬ 
pared  to  the  reference  string.  Record  the  current  of 
both  and  the  ratio  of  the  measured  string  current  to 
the  reference  string  current. 
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string  current  outputs  has  been  verified.  Check  cal¬ 
ibration  of  analog  outputs  and  presence  of  proper  dig¬ 
ital  outputs  as  indicated  in  Table  8. 


METERS 


r  SOUP  APRAY  DC  INPUT  -i i -  480 V  5  PHASE  OUTPUT 


ME.TEES 


Table  1.  Test  Equipment 


DC  Insulation  Tester 
Digital  multimeter 
Distortion  analyzer 
Oscilloscope 

Oscilloscope  camera 
Power  meter 


DECC  Model  61107 

Dana  *4  200  or  equivalent 

HP  Til  A  or  equivalent 

Tektronix  5*4 3H  or 
equivalent 

Tektronix  (’-12 

Scientific  Columbus 
DL— A2— 6096  or 

equivalent 


Stopwatch 


Accurate  to  0.5$ 


Total  harmonic 
output  current 


DELTA  ELECTRONIC  CONTROL  CORP  IRVINE  CALIF  F/6  10/1 

DESIGNr  CONSTRUCTION  AND  TESTIN6  OF  A  60  KM  SOLAR  ARRAY  AND  POM— ETC 
AUG  79  J  S  SUELZLE  DAAK70-78-C-0016 

DECC-61211-003  NL 


Describe  environmental  conditions  at  the  time  or  test,  including 
approximate  ambient  temperature  of  the  array. 

Sunny,  some  haze,  70°F,  13s00  PDT 


INSERT 


Data  for  Modal  61211  Solar 
Power  Conversion  System 

SN  00  I 


The  data  log  for  system  operation  at  the  DECC  facility  was 
lost  during  the  move  of  the  system  from  DECC  to  Mt.  Laguna. 
The  following  summary  data  are  available: 

Total  input  kWH  at  DECC  6218 

Total  output  kWH  ut  DECC  4861 

Total  running  time  at  DECC  4  I  '3.6  II 

The  system  was  operated  for  43  days,  not  including  down-time 
due  to  flooding  of  the  temporary  wiring  from  the  array 
to  the  PMP. 

More  extensive  data  will  be  available  from  Sandia  when 
Data  Acquisition  System  output  data  are  reduced. 
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possible 


environmental  condition*  at  the  time  of  tea*',  including 
te  ambient  temperature  of  the  array. 


output  current 


otection  Circuitry  Test 


5ky  clear,  ambient  temperature  80-90'jF 


ATP  61211 


Data  taken  using  Data  Acquisition 
System 
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Table  8.  Comparison  of’  Sirin-  Output 
Solar  Power  Reference  String  Number  40 


String 

St  rt  ii,-v 

Refer. 

Ratio) 

St  r t  ng 

St  ring 

n.'f< 

V. 

R .  t  1  i 

No. 

Output 

String 

t 

No , 

Out  pn t 

strt ng 

Output 

tin  f  put; 

t 

1.91 

1 .82 

1  .05 
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1 . 58 
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2 

1  .90 

1 ,04 
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1.82 
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3 
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.89 
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1  .04 
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30 

1.42 

•  7 
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9 
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.89 
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.8’ 

10 
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.89 
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1.31 
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1  1 
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1  .00 

h„ 
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.8 
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12 

1.51 

.83 
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. 

.8 

13 

1.65 

.9  1 

1 

1  .76 

.9 

l4 

1.65 

.  .91 

37 

1 .62 

.8 

1*) 

1 .65 

.91 

38 

1.77 

.9 

1(5 

1 .86 

1.02 
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1  .  36 

•  7 

.  .. 

17 

1  .92 

1  .05 
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19 
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20 
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Table  8.  Comparison  of  String  Outputs  (cont'd) 
Solar  Power  Reference  String  Number _ kO _ 


String 

String 

Refer. 

Ratio 

No. 

Output 

String 

Output 

93 

1  .76 

1  .82 

•  97 

1 

94 

_ 

1.82 

'  1  1.00 

1 

-  -  -  1 

95 

.  _  .  _ 

1.78 

;  .98 

ATP  61211 


Table  8.  Comparison  of  String  Outputs  (coal'd) 
Solnrex  Reference  String  Number _ _ 


String  i  Refer.  Ratio  Stri  pv  :  String  Refer.  R.ii  in 


Output  Strluft 
I  Output 


Date  8/2/79 


|  1.09  ■  *'*'> 
.91  !  1  '»o 

1  .09  1  I’l  1 

I 

.83  :  1 

.  — - (-• 

1.06  I’ll 

t 
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1.06  j  1 r» 
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.95  I '18 
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1.09  153 

1.01  15>I 
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( )u  1  pu  t  S  I  r  i  it, . 

On  t  pu 1 
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TnMe  8.  Comparison  of  String  Out  puts  (cont'd  ) 
Sul.irox  Roforence  String  Number  1  lb 


String 
No . 

String 

Output 

Refer. 

String 

Output 

Ratio 

162 

1.01 

1  .01 

163 

1  .05 

■ 

1.05 

164 

1  .01 

■ 

■ 

1  .01 

165 

1  .05 

1  .05 

166 

1  .01 

1  .01 

167 

.99 

.99 

168 

1  .  10 

1  .  10 

169 

1  .04 

\ 

1 .04 
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Tnble  8.  Outputs  to  Data  Acquisition  System 


Analog 


Input  voltage 
Input  current 
Input  power 
Output  power 


Meas'd  Input  to  %  Cali 

Value  D.A.S. 

<  1$ 

Meters  compared  to  . 

actual  Data  Acquisi-  ^  ** 

tion  System  printout  , 

<  1$ 

<  1# 


BCD 


Input  KWH  meter 
Output  KWH  meter 


Verified 


7' 


Status  (ni.rltal) 

Off 

Of  f ——Ins u ffieient 
Solar  Power 

Off— — Sliut  Down 

Off—  Hrror  Recycle 
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rtOfKINS  ENGINEERING  COMPANY 


QTR- 55*35-425-1 


28  JAN  1975 


QUALIFICATION  TEST  REPORT 
.  electromagnetic  INTERFERENCE  tests 

ON 

uninterruptable  power  supply  system 

» 

# 

Prepared  For; 

STATIC  POWER  INC, 

3800  Campus  Boulevard 
Newport  Beach,  California 


by 

HOPKINS  ENGINEERING  COMPANY 
12900  Foothill  Boulevard 
San  Fernando,  Calif,  9131,2 


Verified  by? 


Martin  J.Jfemirotf  .'/■ — 

Vice  P  re  side  nt- Ope  r  el  Mens 
Hopking  Engineering  Compan 
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HOPKINS  ENGINEERING  COMPANY 


QTR-55635-42S-1 


*  REPORT  SUMMARY 


PURPOSE i  Electromagne tic  interference  tests  ware  performed  on  tha 

Unintorruptaole  Powar  Supply  (UPS)  to  verify  that  the  UPS 
system  provides  adequate  compliance  with  tha  applicable 
electromagnetic  compatibility  control  requirements. 


TEST  ITEMS: 

MANUFACTURED  BY: 

SPECIFICATION: 

TEST  PERFORMED  BY: 

TEST  PERFORMED  AT: 

AUTHORIZED  BY: 

TEST  COMPLETION: 


Uni nterruptabla  Powar  Supply 
62.5  KVA 

Static  Power  Inc. 

Newport  Beach.  California 

MI L-STO-461  aA62  Notice  3 

HOPKINS  ENGINEERING  COMPANY 
San  Fernando,  California  91342 

STATIC  POWER 

Newport  Beach,  California 

STI  Purchase  Order  #4864  dated  12-11-74 

12-18-74 


SECURITY  CLASSIFICATION:  Unclassified 

SUMMARY  OF  RESULTS:  The  Uninterruptable  Powar  Supply  was  found 

to  be  in  compliance  with  all  applicable 
electromagnetic  control  requirements  when 
tested  in  accordance  with  MIL-SLD-461A 
Notice  3,  Para.  CEO  2,  R  E  0  2  (  R  E  0  4. 


HOPKINS  ENGINEERING  COMPANY 
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QUALIFICATION  TEST  REPORT 


1.0  SCOPE 

This  report  presents  the  results  of  the  electromagnetic  interference 
test  performed  on  the  UPS  62.5KW  manufactured  by  SPI,  Newport  Beach, 
California,  and  compares  these  results  with  the  applicable  require¬ 
ments  of  the  specification. 

2.0  APPLICABLE  DOCUMENTS 


Military  Standards 

MIL-STD-461 A 
Notice  3 

MIL-STD-462 
Notice  3 


Electromagnetic  Interference  Characteristics 
requirements  for  Equipment. 

Electromagnetic  Interference  Characteristics 
Measurement  of. 


APPROVED  TEST  PROCEOURE 

P*ior  to  conducting  the  Radiated  Emissions  Test  the  perifery  of  the 
s/stem  was  probed  to  determine  the  position  of  maximum  radiation 
according  to  approved  test  procedure  of  MIt/STD-462.  The  antennaes 
were  then  positioned  ns  specified  and  all  radiated  measurement  taken 
at  this  location.  Conducted  measurements  were  made  using  a  current 
probe  on  input  and  output  power  3  phases  and  neutral. 

3.°  GENERAL 

3.1  TEST  SAMPLE  IDENTIFICATION 

The  test  sample  system  consisted  of  one  console  and  applicable  load. 

3.2  SUMMARY  OF  TEST  METHODS  PERFORMED 


The  test  sample  system  was  subjected  to  the  following  applicable 
test  methods  of  MIL/STD-46 \fi/k62  Notice  3. 


METH00 

TYPE  OF  TEST 

Freq.  Range 

CE02 

Conducted  Emissions,  Power  Lines 
(Input  &  output) 

14KHz-50MHz 

RE  02 

Radiated  Emissions,  E  Fiald 

14K Hz- 1000MHz 

RE  04 

Radiated  Emissions,  H  Field 

20Hz  -  5 OK Hz 
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3.3  TEST  OATES 

These  tests  wore  started  on  12/18/7**  and  completed  on  12/18/7**. 

4.0  •  TEST  PROCEDURES 

4.1  TEST  SITE 

The  test  prograir  was  conducted  at  S.T.I.  facility  at  3800  Campus 
Boulevard,  Newport  Beach,  California.  Since  the  test  sample  could 
not  feasibly  be  housed  in  a  shielded  enclosure,  radiated  tests  were 
run  after  11:00  PM  because  of  day  time  Hi  Ambient  fields.  Conducted 
tests  were  run  after  factory  shut  down. 

4.2  * .  OPERATIONAL  PROCEDURES 

AIT  test  sequences  were  performed  with  the  UPS  operating  load, 

50  KVA. 

4.3  TEST  INSTRUMENTATION 

|  The  test  instruments  used  during  this  test  program  are  listed  in 
Appendix  A  along  with  their  applicable  model  numbers,  serial 
numbers  and  calibration  dates. 

5.0  TEST  RESULTS 

5.1  CE02  Conducted  Emissions,  Phase  A.B.C.  S  Neutral  input  and 

output  l4KHz-50MHz. 

* 

5.1.1  »  Broadband  emissions  on  both  input  S  output  all  phase  were 

within  specification  limits. 

(See  Graphs  Fig.  #1  thro  8) 

There  were  no  measureable  Narrowband  Emissions. 

5.2  RE02  RADIATED  EMISSIONS,  E-FIELD  ( 1**K Hz-  1000MHz) 

Broadband  radiated  emission  were  within  specification  limits 
all  frequencies.  (See  Graphs  Fig.  9  ) 

There  were  no  measureable  Narrowband  Emissions, 

5.3  RE 04  RADI  ATE 0  EMISSIONS;  H-FIELD  (20H*  -  50KH*) 

There  was  no  measureable  H-Field  emission. 
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6.0  CONCLUSIONS 

When  tested  In  accordance  with  MIL-STD-462  the  Uninterruptible 
Power  Supply  conplied  with  all  applicable  Class  1  C  requirements 
of  MIL-STD-46JA  Notice  3  Test  Method  CE02,  RE02  and  RE04. 
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APPENDIX  A 

TEST  EQUIPMENT 

The  following  primary  meters  were  used  during  this  test  program: 

receivers/meters 

Noise  and  Field  Intensity  Meter,  Singer/Empire  Model  NF105  s/N  2083 
Calibration  date  2-5-75.  Stoddart  N  M  40  s/N  1 

Calibration  date  5-17-75. 

CURRENT  PROBE 

Stoddart  Radio  No.  -  91550-1  s/n  BF231 
ANTENNAES 

Singer/Empire  .  VX  -  105 

Singer/Empire  VA  -  105 

Honeywell  Bi  Conical  Model  7825 

Electro  Magnetics  Conical  Log  Spiral  Model  CLP-1A 

\ 

Loop  Antenna  Model  90114-3 


B8 


KVA 

A'L 


Broadband  Conduc tod  Interference: 


cn. 


M 


?iiWA#n/n 


mm 


unoinur.  curiuPCDiur.  rnuDAUv 


*  y&W/  <'iJ  Sufc* 


MOJtCT 


TUT  *#*£C. 


T«*T  MOO 


UsrCAOYSTATC  □  T AANSICN T  0. 


7^  1 


SI  ! 


£  1  70 


4Z  va\IT-  ZoCAj  O^'O 


MOTRtl 


HOPKINS  ENGINEERING  COMPANY 
ELECTROMAGNETIC  INTERFERENCE  DATA  SHEET 


HOPKINS  ENGINEERING  COMPANY 

ELECTROMAGNETIC  INTERFERENCE  DATA  SHEET 


